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Abstract 
Chloroplast thylakoid membranes inhibit pancreatic lipase/colipase activity in vitro and, when included in food, 
induce satiety signals. This effect is due to their ability to reduce the rate of lipolysis through the inhibition of the 
lipase-colipase complex. They have a strong affinity to oil which both prevents the lipolytic enzymes from in close 
contact with its substrate and at the same time protects the thylakoids form proteolytic enzymes present in gastric 
juices form digesting the thylakoids as quickly. This affinity also imparts thylakoids interesting emulsification 
properties. The objective of this study was to characterize thylakoids’ ability to stabilize oil-in-water emulsions, and 
to study their interfacial properties in light of their capacity to inhibit pancreatic lipase-co lipase activity in vitro. As 
lipolysis is an inherently interfacial process it is important to quantify their interfacial properties and to maximize the 
oil-water interfacial area covered by the thylakoids in future food formulations. Thylakoids isolated from spinach 
were used for emulsification studies using a lab-scale high shear homogenizer. The oil-in-water emulsions produced 
had varying amounts of thylakoids and resulting emulsions were characterized by creaming phase volume, 
microscopy and light scattering to determine microstructure and droplet size distributions as well as surface load. 
Electron micrographs showed thylakoids adsorbed as loosely bunched vesicles on the drop surfaces approximately 1 
micron in size, and were found to effectively stabilize the oil water interface, but with large droplet size (20 to 200 
micron range) and relatively high surface loads (2 to 10 mg/m2). 
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1. Introduction 
Human obesity is a global epidemic and a leading cause of disease in the western world. Seeing that 
high-fat diets are obesity promoting, a strategy that strengthens the control of appetite with dietary fat 
could be a means to counter act over consumption [1].The key enzyme during intestinal fat digestion is 
pancreatic lipase and its co-factor colipase. The use of lipase inhibitors in drugs against obesity is well 
established [2], but a known side effect is that they cause steatorrhea due to an impaired fat digestion. We 
have found that thylakoid membranes (the photosynthetic membranes of chloroplasts) inhibit pancreatic 
lipase-colipase complex[3]. Albertsson et al.(2007) found that thylakoid membranes inhibited pancreatic 
lipase–colipase activity in vitro in a dose-dependent way, reducing lipase activity by up to 80%.The 
thylakoid membranes adsorb to the oil-water interface, and detach after approximately four hours[3]. The 
fat digestion can subsequently continue with no steatorrhea or adverse effects. When included in food, 
thylakoids isolated from green leaves increase satiety hormones such as cholecystokinin (CCK), leptin 
and enterostatin while reducing the hunger peptide ghrelin. In other studies, it was shown that thylakoids 
inhibit pancreatic lipase-colipase activity in vitro, demonstrated both in experimental animal studies on 
rat and mice as well as in human studies [3-6]. These in vivo results have been interpreted as prolongation 
of lipid digestion inducing satiety. 
Chloroplasts are organelles responsible for photosynthesis in green leaves. Embedded in the 
chloroplast stroma are the photosynthetic membranes named thylakoids which capture light and convert 
its energy into chemical energy in the form of ATP and NADPH which in turn are used for fixation of 
carbon dioxide in the chloroplast. The thylakoid membrane is one of the most abundant biological 
membrane on earth and also one of the most complex with regard to both structure and function. It 
contains over a hundred different membrane proteins, most of them are found in the major protein 
complexes which together with their bound pigments, chlorophylls, carotenes and xanthophylls, are 
involved in photosynthetic electron transport and account for about 70% of the thylakoid mass (50% 
protein and 20% pigment)[3]. 
Intestinal fat digestion is an interfacial process (see figure 1) where lipase and colipase form a 
1:1complex, allowing a conformational change takes place and a hydrophobic surface is exposed that can 
act at the surface of the triglyceride droplet (the substrate) and the triglyceride is decomposed into fee 
fatty acids. (a. in figure 1) 
 
Nomenclature 
C0 initial thylakoid protein concentration, kg/m3 or mg/ml 
CSER thylakoid protein concentration in the serum after emulsification, kg/m3 or mg/ml 
d32 Sauter mean diameter, micron  
d43  volume mean diameter, micron 
EI emulsion index 
S surface area per unit volume of emulsion, m2 
Vemuls volume of observed emulsion layer 
Vtotal total volume of all phases 
* surface load, mg/m2 
I oil volume fraction  
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Two mechanisms have been suggested as 
the main cause of the inhibition of the lipase-
colipase activity: adsorption of the lipase-
colipase complex onto the thylakoid 
membrane surface such that the substrate 
binding site of the enzyme is occupied by the 
thylakoid surfaces (b. in figure 1); and 
adsorption of the thylakoid membranes at the 
surface of the fat droplets thereby sterically 
hindering the lipase-colipase complex to come 
in contact with its substrate (c. in figure 1). A 
higher surface coverage of thylakoid, and 
reduced amount of accessible oil surface 
increases the effect of thylakoids i.e. 
inhibition of lipase-colipase activity [7], this is 
achieved by pre-mixing the oil phase with the 
thylakoids, reducing the droplet size, and 
increasing the interfacial area covered by the 
thylakoid. This in turn increases the surface 
available for interaction and inhibition of the 
enzymes. 
Earlier studies have also shown that thylakoids have emulsifying properties, as well as incorporating 
thylakoids into food in emulsion form also improves there function as they are protected from the action 
of proteolytic enzymes (d. in figure 1). In recent studies by Emek et al. (2011)[7] thylakoid membranes 
were treated with pepsin, trypsin, gastric and pancreatic juice at 37o C.  In all cases, several of the proteins 
were degraded within half an hour, while the main parts of the pigment-protein complexes were resistant 
for hours. Oil emulsified thylakoids were more resistant towards the enzymatic breakdown. Electron 
microscopy demonstrated that, after treatments, the thylakoids still remained in a membrane vesicular 
form. The capacity of thylakoid membranes to inhibit the lipase/colipase activity was reduced in all cases 
however the thylakoids that were pre-emulsified with the oil retained approximately 50% of the inhibition 
capacity after treatment with pancreatic juice. This means that not only do thylakoids act better at 
reducing the lipolysis rate when attached at the oil water interface but also can survive longer in the 
gastric environment. For this reason the surface load of thylakoid, ī, expressed as mg protein/m2, and the 
interfacial area, S m2, i.e. the specific surface area of the emulsion is of importance and is given by 
equation 1, where S is the surface area per unit volume of emulsion (m²), ࢥ is the oil volume fraction, and 
d32 is the Sauter mean diameter:  
 
           (1) 
 
 
In previous studies by Rayner et al. (2010) [8] we have determined the surface load by measuring the 
concentration of chlorophyll by the method of Porra et al. (1989) [9] and protein by the method of 
Bradford (1976)  [10] in the water-phase of the produced emulsions and to estimate the amounts in the 
emulsion layer by taking the difference between the known amounts of thylakoids added to the emulsion 
from the measured concentrations in the water phase. Subsequently the surface load, ī (mg/m2), could be 
calculated based on the total surface area of the droplets found during particle size measurement and the 
estimated amount found in the oil phase, assuming that the thylakoids not present in the water phase were 
adsorbed to the oil-water interface. This is a reasonable assumption as thylakoids have a higher density 
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Fig. 1.  Mechanism of thylakoids ability to inhibit lipolysis 
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than water. In this case the produced emulsion had such a low amount of thylakoid in the water phase 
after emulsification that it appears to be below the detection limit of our methods. For this reason we have 
roughly assumed all added thylakoid to be associated with oil droplets in the emulsion phase. By 
measuring the mean volume-surface diameter, d32, one can calculate the protein adsorption or surface load 
of thylakoids, ī, by using the protein mass balance[11], where ĭ is the oil volume fraction, and C0 is the 
initial protein concentration, and CSER is the concentration of thylakoid protein in the serum after 
emulsification, in this case CSER§0  because CSER<<C0:  
 
 
      (2) 
 
 
The objective of this study was to characterise thylakoids’ ability to stabilise oil-in-water emulsions, 
and to study their interfacial properties in light of their potential capacity to inhibit pancreatic lipase-co 
lipase activity. 
2. Materials and Methods 
Fresh baby-spinach leaves (Spinacia Oleracea) were donated by SABA Fresh, Helsingborg, Sweden. 
Thylakoids were prepared essentially as described in Albertsson et al. (2007)[3]. 200 g of leaves together 
with 200 ml water were homogenized in a blender (Braun,1L, type 4142) for about 5 minutes to obtain a 
smooth green slurry. The soup was filtered through a Monodur polyester filter, mesh 20 ȝm. The filtrate 
was poured into centrifugal tubes (400 ml) and centrifuged for 10 minutes at 6084xg (Sorvall Evolution 
RC, SLA-3000, Kendro Laboratory Products). The supernatant was discarded and the thylakoids in the 
pellet were washed by re-suspension in water and centrifuged again for 15 minutes at 16893xg. The 
thylakoid pellet was re-suspended and distributed into small test-tubes and frozen in a –18°C freezer and 
then freeze dried and milled to a fine green powder.  
Freeze-dried thylakoids isolate powder at the various concentrations was added to 4 ml of 5mM 
phosphate buffer with pH 7 and 0.2M NaCl (density 1009.6 kg/m³ at 20°C) and pre-mixed with an Ultra 
Turrax (22000 rpm, Ystral X10/25, Ystral, Ballrechten-Dottingen, Germany) for 60 sec followed by 
rehydration for 60 min in room temperature. This was the continuous phase of the emulsions. Emulsions 
were prepared with 33.3% dispersed phase of medium-chain triglyceride oil, Miglyol 812 (density 945 
kg/m³ at 20°C, Sasol GmbH, Germany) and 66.6% continuous phase to obtain a final thylakoid 
concentration expresses as protein of 0.5, 1, 2, 4, and 8 mg protein/ml oil using an Ultra Turrax (22000 
rpm, Ystral X10/25, Ystral, Ballrechten-Dottingen, Germany) for 60 sec. The emulsions were incubated 
in room temperature for 60 min or in 4°C for 7 days respectively, where after photographs were taken and 
the size of the emulsion cream later was measured using image analysis. The emulsifying capacity was 
quantified as the emulsion index EI:  
                        (3) 
 
 
Where Vemuls is the volume of the observed emulsion layer (i.e. the non-clear fraction), and Vtotal is the 
sum of all the phases. In a completely phase separated system EI would equal the volume fraction of the 
dispersed phase.  
The area-weighted mean droplet diameter, d32, (volume-weighted mean droplet diameter, d43) was 
determined by static light scattering using a Malvern Mastersizer Analyzer 2000 (Malvern Instruments 
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Ltd., Worcestershire, United Kingdom). All emulsions were made in triplicate and the mean±the standard 
error of the mean is reported for the size distributions. Electron microscopy images were taken by first 
fixing the emulsion with 2.5 % glutaraldehyd in 0.15 M kakodylate buffer, embedded in Epon, and 
stained with 3% uranyl acetate and lead citrate prior to examination by transmission electron microsopy 
(JOEL 1200 EX, JOEL, Tokyo, Japan). 
3. Results and Discussion 
Electron micrographs show that thylakoids are attached to the surface of the oil droplets in the form of 
intact thylakoids or sub-thylakoid mem-brane vesicles in the size range 1–2ȝm. Although voluminous, 
they appear associated to the oil-water interface.  
This strong affinity to the oil phase was also observed in the photographs of the final emulsions seen in 
figure 3. Here a series of increasing thylakoid concentration (0.5 to 8 mg/ml oil) are shown. 
Concentration of thylakoid is expresses as mg protein / ml oil and mg protein could be directly measured, 
however there is a known proportion of protein in native thylakoids (50%). The resulting emulsions were 
stable against coalescence but were subject to creaming. There was very little difference between the 
emulsions at day 1 and after 7 days other than the serum phase was slightly clearer after storage. The 
emulsification index was estimated by image analysis and there was no significant change in the EI after 
7days. EI and volume mean droplet diameter as a function of thylakoids concentration is presented in 
figure 4. The oil phase volume is only 33.3% and the emulsion droplets are large enough that they cream 
quickly, there is however some space between the droplets as the emulsion layer fills a significantly larger 
volume than that of its constituent phases. This could be due the loose structure of the adsorbed 
thylakoids observed in figure2.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Electron micrograph of thylakoid stabilized emulsions. 
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Although the height of the cream layer remained virtually unchanged it was also desired to test if the 
droplets were coalescing during storage. Drop size distributions (d43) determined by light scattering 
showed very similar sized before and after storage for all thylakoid concentrations with the exception of 
2mg/ml oil, where the emulsions after 7 days had a significantly smaller mean droplet size. In general the 
stored emulsions had a smaller droplet size which is opposite to what is generally expected. Perhaps there 
is some re-organisation of the thylakoids at the oil-water interface and they become a more compact layer, 
decreasing the measured size.  
Typical particle size distributions from light scattering are shown in figure 6. Here we have both 
surface mean diameter (d32) and volume mean diameter (d43). Surface mean measurements are used to 
calculate the specific surface area that is used to calculate the surface coverage described in the 
introduction. In the d32 curve there are two peaks, one at approximately 1 micron which is likely thylakoid 
particles/vesicles as seen in figure 2, and one around between 20 and 60 micron which are the thylakoid 
covered emulsion droplets. The large droplet size is may be due the relatively low concentration of the 
thylakoids. If they are acting as tightly packed spheres than the amount at maximum surface coverage 
would be on the order of 1000 mg/m2 and can be explained by their large size.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Photographs of thylakoid (33.3% v/v) oil-in-water 
emulsions. Top after 1 day, bottom after 7 days. 
Concentrations left to right (0.5, 1, 2, 4, and 8 mg/ml oil).  
Fig. 4. Volume mean diameter d43, ȝm (x) and Emulsification 
index (¸), as a function of thylakoid concentrations measured 
after 7 days storage at 4qC. Data points labelled with different 
letters are significantly different (p<0.05). 
Fig. 5. Volume mean diameter d43, ȝm, as a function of
thylakoid concentration measured at 1 day (ż) and after 7 days 
(x). * indicates significant effect of storage time at given 
concentration (p<0.05). 
Fig. 6. Particle size distributions of thylakoid stabilized 
emulsions (8 mg protein /ml oil) after storage for 7 days. 
1437Marilyn Rayner et al. / Procedia Food Science 1 (2011) 1431 – 1438
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Thylakoid membrane segments/vesicles are significantly larger than other common emulsifiers, for 
example surfactant molecules are in the range of 0.4 to 1 nm, and protein molecules are between 1 and 5 
nm [12]. Thylakoids are least two orders of magnitude larger than protein molecules, so it is not 
unreasonable that we get surface coverage in the range of 10 mg/m2 as illustrated in figure 7. 
In future work it would be of interest to increase to even higher thylakoid concentration, to the point 
that there is an excess. In this way we could know the maximum practical amount for formulating foods 
with hunger suppressing properties.  
 
4. Conclusions 
Thylakoid membranes effectively stabilize oil-in-water emulsions which should facilitate their 
incorporation in fat containing food with satiety promoting effects. They remained unchanged with 
respect to cream layer height (emulsification index), and droplet size distribution over a storage period of 
7 days, indicating that despite their large size, thylakoid stabilized emulsions were quite stable. 
With an ever increasing demand for natural food additives, i.e. without E- numbers and not 
synthetically produced, a vegetable based, low allergy emulsifier becomes a very attractive alternative. 
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